Abstract. Oesophageal cancer is a serious disease worldwide. In China, the incidence of esophageal cancer was reported to be ~478,000 in 2015. In the same year, the incidence of esophageal cancer in the United States was ~16,910. Radiotherapy serves as an important tool in the treatment of oesophageal cancer, and although radiation therapy has progressed over time, the prognosis of the majority of patients with oesophageal cancer remains poor. Additionally, the sensitivity of patients with oesophageal cancer to radiotherapy and chemotherapy is not yet clear. Although there are a number of studies on the radiosensitivity of oesophageal cancer cell lines, the vastly different results from different cell lines make them unreliable to use as a guide in clinical practice. Therefore, a common radiosensitive gene signature may provide more reliable results, and using different combinations of common gene signatures to predict the outcome of patients with oesophageal cancer may generate a unique gene signature in oesophageal cancer. In the present study, the radiosensitive index and prognostic index were calculated to predict clinical outcomes. The prognostic index of a 41-gene signature combination is the largest combination of gene signatures used for classifying oesophageal cancer patients into radiosensitive (RS) and radioresistance (RR) groups, to the best of our knowledge, and this gene signature was more effective in patients classified as having Stage III oesophageal cancer. Furthermore, four genes (carbonyl reductase 1, serine/threonine kinase PAK2, ras-related protein Rab 13 and twinfilin-1) may be sufficient to classify patients into either RS or RR. Subsequent to gene enrichment analysis, the cell communication pathway was significantly different between RS and RR groups in oesophageal cancer. These results may provide useful insights in improving radiotherapy strategies in clinical decisions.
Introduction
Oesophageal cancer remains a major national and global health problem. In the United States in 2016, oesophageal cancer accounted for >15,000 mortalities (1) . In China in 2015, the incidence of oesophageal cancer was ~478,000, and the number of mortalities was estimated to be ~375,000 (2) . Surgery, chemotherapy and radiotherapy are the primary strategies for patient treatment at present (3) . Radiation therapy has broad applications as a vital strategy for shrinking tumours or treating regional disease in oesophageal cancer (4) . Current technologies employed in radiotherapy have led to a number of advanced methods for improving treatment; however, the prognosis of oesophageal cancer remains poor, and the sensitivity of patients towards radiation is unknown (5) . In the transition towards an era of personalized medicine, a powerful tool that assists clinicians in assessing which individuals are likely to be benefit from radiotherapy does not exist. In consideration of the heterogeneity between various tumour types, even for patients with the same tumour type, prognostic and therapy-predictive molecular markers are essential to improve decisions regarding cancer therapy. At the molecular level, numerous genes are responsive to radiation exposure, and a recent study proposed that identifying the gene signature may predict precise radiotherapy (6) . In the past few decades, predictive radiosensitivity techniques have been developed and tested (7) . In cell line experiments, the values of the surviving fraction of cells at [2] Gy(SF)2, SF5 and SF8 are defined as indicators for distinguishing radiosensitivity (RS) and radioresistance (RR), whereas patients are defined as RS and RR based on the clinical outcome (overall survival Integrating radiosensitive genes improves prediction of radiosensitivity or radioresistance in patients with oesophageal cancer and recurrence rate) (8) . However, the majority of studies on the radiosensitivity of oesophageal cancer are primarily dependent on high-throughput microarrays to assay differential gene expression between RS and RR oesophageal cancer cell lines, and different cell lines predict markedly different RS and RR biomarkers (9) (10) (11) . Although these studies may contribute to an improved understanding of the biological mechanisms underlying the development and progression of cancer to a certain extent, it is difficult to practically apply these to clinical decision-making on whether radiotherapy is an appropriate means of treatment, based on the mixed results of in vitro assays.
In the present study, two common radiosensitive gene signatures, which were previously validated by clinical data, were utilised (6, 7) . The two types of gene signatures from different sources of radiosensitive genes were used to analyse the gene expression and clinical data of patients with oesophageal cancer. Eschrich et al (12) and Kim et al (13) proposed two different gene signatures for predicting radiosensitivity. Eschrich et al (12) used a panel of 48 human cancer cell lines to propose a radiosensitivity index (RSI), which was modelled as a function of the combination of gene expression, tissue of origin, and ras and p53 status to correlate the surviving fraction of cells at 2Gy(SF2). The model developed by Eschrich et al (12) predicted an RSI (10 genes), which was directly proportional to tumour radioresistance (12) . A high level of RSI represents radioresistance, thus allowing for the successful prediction of a number of types of primary cancer (14) (15) (16) (17) (18) (19) (20) . Although the authors previously predicted the radiosensitivity of oesophageal cancer, the sample sizes were too small (n=12), and this may have resulted in a poor prediction of the overall survival of the 12 patients with oesophageal cancer (21). Kim et al (13) proposed a radiosensitivity gene signature which included 31 genes based on the integrated results of four different microarray experiments. The gene signature demonstrated promising results for predicting the radiosensitivity of cancer cells; however, it has only been validated in glioblastoma. Therefore, in the present study, RSI and the 31-gene signature have been utilized to predict the outcomes of patients with oesophageal cancer using data obtained from The Cancer Genomic Atlas (TCGA).
Patients with cancer who respond to radiotherapy typically exhibit a favourable prognosis compared with those with a radioresistant cancer. Therefore, it is hypothesized that the gene expression profile of patients with oesophageal cancer may allow for the classification of individuals into RS and RR groups. In the present study, a 31-gene signature and RSI were used as predictive biomarkers for predicting the overall survival of patients with oesophageal cancer. The results obtained from the two different types of radiosensitivity gene signatures utilised did not exhibit any overlap. Thus, the signatures were combined to improve the estimation of overall survival in patients with oesophageal cancer, based on a dataset obtained from TCGA. The dataset contained information on 152 patients who received radiotherapy (https://xenabrowser. net/datapages/?cohort=GDC%20TCGA%20Esophageal%20 Cancer%20(ESCA)&removeHub=https%3A%2F%2Fxena. treehouse.gi.ucsc.edu%3A443). Multivariate Cox regression analyses were used to determine the key genes for predicting RS and RR in patients with oesophageal cancer.
Materials and methods
Clinical data and gene expression data collection. Data of patients with oesophageal cancer were downloaded from TCGA data portal (https://portal.gdc.cancer.gov/). Among the cases with the gene expression profiles and clinical indexes, there were 152 cases with effective radiotherapy information, which were used for further analysis. The gene signatures associated with radiosensitivity were aggregated from two previous publications (12, 13) To generate an improved model of biomarkers for predicting the RS or RR classification of patients with oesophageal cancer, the two gene signatures were combined into a novel model. Multivariate Cox regression was used to calculate the P-value of the combination of all the genes in the 41-gene signature. A combined gene-signature from two sources was used. One part of gene signature was obtained from 10 radiosensitive biomarkers and the other part was obtained from 31 radiosensitive biomarkers. Genes with P<0.1 were selected using multivariate Cox regression (22, 23) . These genes were used as a gene signature for predicting RS and RR. The PI values derived from different gene combinations were ranked according to the hazard ratio (HR) and P-value of the log-rank test. The high-risk and low-risk groups divided by the median PI value, which was estimated by the HR and the P-value of the log-rank test. Thus, a higher HR and smaller P-value represented an improved PI. According to Eschrich et al (12) , the lower quartile of RSI was pre-defined as the cut-off point to divide patients into radiosensitive or radioresistant groups.
As an evaluation criterion and a corresponding value, the area under the curve (AUC) of the receiver-operator characteristic (ROC) curve, which is applied to assess the capacity and efficiency of a gene signature for classifying patient outcome, was utilized in the present study to verify the integrated gene signature.
Prognosis index for oesophageal cancer.
As an integrated indicator of gene signature for individual patients, the PI was calculated using a linear combination of the expression value of the feature genes weighted by the Cox regression coefficient.
Multivariate stepwise Cox regression was additionally used to analyse the clinical factors that were significantly associated with overall survival time by univariate survival analysis. In univariate survival analysis, log-rank test P<0.05 was considered as significance factors. The clinical variables and combination gene signature with a multivariate Cox regression significance of P≤0.1 were considered as important predictors of oesophageal cancer prognosis (23) , and the PI was defined as follows: PI=β 1 X 1 +β 2 X 2 +…,+ β i X i ; where β i is the Cox regression coefficient of the ith variable, X i is the value of the ith variable and was the log 2 -transformed expression value of Gene set enrichment analysis (GSEA). GSEA (www.broadinstitute.org/gsea) was performed using MSigDB C2 curated Kyoto Encyclopaedia of Genes and Genomes v5.2, and gene sets with a false discovery rate (FDR) value <0.1 after 1,000 permutations were considered to be significantly enriched (26) . Additionally, GSEA was used to examine the differences in oesophageal cancer pathways between the RS and RR groups.
Progra m me implementation. T he a forementioned univariate Cox regression, multivariate Cox regression and Kaplan-Meier survival curves for overall survival were analysed using R (version 3.2.4; www.R-project.org) (27) with R studio (version 1.1.463) (28) and the 'survival' package (5). The ROC curve was plotted using the 'survival ROC' package (29) . Log-rank test is used to test the significance of Kaplan-Meier curve (23) and Wald test is used to test Cox regression (30) .
Results

Clinical characteristics of patients with oesophageal cancer.
The clinical data of oesophageal cancer patients in TCGA are summarized in Table I . In total, eight clinical factors (age, sex, histological type, radiotherapy, tumour status, smoking history, alcohol history and TNM stage) were used for survival analysis.
In the present study, seven variables (age, gender, histological type, tumour status, smoking history, alcohol history and TNM stage) were tested for their association with survival. Table I demonstrates that tumour status, smoking history and TNM stage were significantly associated with overall survival in patients with oesophageal cancer in univariate survival analysis (log-rank test, P<0.05). Multivariate Cox regression analysis of these factors suggested TNM stage was correlated with overall survival time, and TNM stage I was closely associated with survival time (Table I ). There was no significant difference in TCGA between oesophageal cancer patients treated with and without radiotherapy, and fewer patients received radiotherapy. Standard RSI for estimating RS and RR groups. The RSI was calculated in 152 patients with oesophageal cancer, classifying patients into two groups (RS, 25%; RR, 75%) and the cut off point for classification was 0.474. The overall survival of the two groups using a Kaplan-Meier plot is presented in Fig. 1 , and the plot suggested that standard RSI was not able to satisfactorily predict overall survival of patients with oesophageal cancer.
Gene signature for predicting prognosis in TCGA oesophageal cancer cohort. Considering that the RSI did not predict overall survival, the PI of two independent gene signatures and their integration was calculated and analysed. First, the ten genes from RSI were used to perform univariate Cox regression (Table II) . Subsequently, the 31-gene signature combination was analysed by univariate Cox regression in addition to the former analysis (Table III) . The present study proposed that these genes may be biomarkers for predicting RR and RS in several cell lines. In the current study, Jun proto-oncogene, AP-1 transcription factor subunit (JUN), interferon regulatory factor 1 (IRF1) and pirin (PIR) were significantly associated with survival in oesophageal cancer (P<0.05; Tables II and III) . Of the three genes, JUN is closely associated with tumour development (29) and IRF1 is a radioresistance biomarker (28) . The gene PIR has rarely been reported to be associated with oesophageal cancer. PIR may act as a redox sensor for the nuclear factor κβ and is involved in stress responses (30) . The present study revealed that not all genes associated with survival in oesophageal cancer (P>0.05). Therefore, two gene signatures for predicting RS and RR for oesophageal cancer were proposed. To identify the core genes for predicting prognosis, multivariate Cox regression was used to filter combination genes (41 genes), obtaining six genes with a P<0.1 as a cut-off threshold (Table IV) . However, analysis of the core genes demonstrated that their combination was not significantly associated with overall survival time (HR, 0.638; 95% CI; 0.380-1.070; P=0.089; Wald test; Table V) . To separate the patients into RS and RR, the median value of PI was selected (Fig. 2) . As a linear combination of the expression values of 10 genes, the PI of RSI, calculated by the aforementioned formula, was significantly relevant with overall survival time (HR, 2.218, 95% CI, 1.307-3.764; P=0.0025, Wald test; Table V ). The PI of the 31-gene signature was also significantly associated with overall survival time (HR, 2.402; 95% CI, 1.410-4.093; P=0.001; Wald test; Table V ). The RSI and the 31-gene signature were combined and the aforementioned process was used to calculate the PI. The results demonstrated that the PI of the combination was more significantly associated with overall survival time compared with RSI or the 31-gene signature alone (HR, 2.967; 95% CI, 1.717-5.127; P=4.66x10 -5 ; Wald test; Table V) . As demonstrated in the survival analysis and Fig. 2 , the RS group had an improved prognosis compared with the RR group, particularly when considering the effect of the combination of RSI and the 31-gene signature, which had the highest HR and the most significant P-value. Therefore, the 41-gene signature may be the best biomarker for classifying patients with oesophageal cancer into RS or RR groups.
Gene signature validation in patients who had received radiotherapy. For further validation of the effectiveness and performance of the two independent gene signature and combination models, samples from 31 patients who had received radiotherapy were selected for assessment (Fig. 3) . Additionally, with the TNM staging system being an important clinical indicator for tumours in clinical practice, in the present study, the 41-gene signature was used to predict the outcome of all stages of patients with oesophageal cancer (Fig. 4) . The results demonstrated that the 41-gene signature of RS classified all stages significantly, with an improved predictive capacity for Stage II and Stage III.
Core genes for patients who have received radiotherapy.
The results demonstrated that the core genes were not able to predict RS and RR groups in all patients with oesophageal cancer (Table V) . Therefore, the core genes were tested in patients who received radiotherapy (n=31). The 41-gene signature combination performed well in predicting the prognosis in all oesophageal cancer patients and patients who had received radiotherapy. Multivariate Cox regression analysis demonstrated that the core genes [CBR1, PAK2, ras-related protein Rab 13 (RAB13) and twinfilin-1(TWF1)] may significantly predict the prognosis of patients with oesophageal cancer who had received radiotherapy (Fig. 5) .
The results demonstrated that the expression of the four core genes differed between the RS and RR groups (Fig. 5A ).
The RS group had a significantly longer survival time compared with the RR group (P=0.0003; Fig. 5 ).
GO enrichment. The results indicated that the 41-gene signature combination had the highest HR and the largest significant difference between the RS and RR groups. Therefore, the GO terms associated with these 41 genes were analysed, and the results (top 10 catalogues) are presented in Fig. 6 . The 41 genes were primarily associated with protein phosphorylation and protein binding (Fig. 6A and B) . These genes were mainly enriched in the 'cytosol' and 'extracellular exosome' (Fig. 6C) . The results indicated that radiosensitivity and radioresistance were closely associated with these cellular components.
Identification of the 'cell communication' pathway by GSEA.
The RS and RR groups were divided by the 41-gene signature to analyse the active pathway. The results demonstrated that 'cell communication' was significantly different between the RS and RR groups (Fig. 7) . Using GSEA analysis, the normalized enrichment score was 1.86, and the FDR was 0.051.
Discussion
In the present study, the results suggested that integrating the two previously developed radiosensitive gene signatures (6, 7) demonstrated improved performance in predicting overall survival in patients with oesophageal cancer compared with either method alone. RSI and the 31-gene signature were independently proposed, and the two signatures are related to SF2 measured from cellular radiosensitivity. The two types of gene signatures predicted clinical outcomes using univariate Cox regression analysis, and the 31-gene signature performed better compared with RSI. When the two types of gene signatures were combined, the combination (41-gene) signature demonstrated the highest HR and most significant P-value. However, when multivariate Cox regression analysis was used to screen independent genes for prognosis, the novel gene combination of 6 genes did not predict survival; demonstrating that the expression of the 41 genes was associated with overall survival in patients with oesophageal cancer.
Compared with the previous studies on the radiosensitivity of oesophageal cancer, a common radiosensitive gene signature to predict overall survival instead of gene expression differences in cell lines was applied. (32) . It has been hypothesized that genes coding for proteins involved in the cell cycle and DNA repair are associated with radiosensitivity (33) (34) (35) . Furthermore, a number of RS genes derived from cell lines present a significant obstacle in clinical practice as several different markers may confound clinical decision-making. Although the gene signatures used were selected from cell lines, these gene signatures were validated using a large amount of clinical data.
As radiosensitivity is difficult to study at the molecular level, RS genes are simply obtained from cellular experiments using SF2. Although a number of studies have predicted specific radiosensitive biomarkers for a limited number of cancer types (36, 37) , only a small number of common biomarkers for prognosis have been identified (22, 38) . The function of the 41-gene signature was investigated using GO. The 41 genes were primarily involved in protein phosphorylation biological processes. In particular, protein phosphorylation is closely associated with radiosensitivity (39, 40) . Based on the molecular function and cellular component analysis, these genes may primarily serve protein-binding functions and are located in the cytosol. Additionally, the majority of these genes (STAT1, AR, JUN, PIR and ABL1) serve vital roles in transcriptional regulation. The expression of transcription factors as indicators may predict radiosensitivity in cancer cells. Consequently, RS and RR groups that were classified using the 41-gene signature from GSEA were analysed, and it was demonstrated that the cell communication pathway was active in the RS group, consistent with the conclusions related to drug sensitivity in a recent study (41) . However, the association between cell communication and radiosensitivity has not been studied, to the best of our knowledge.
Additionally, the four core genes (CBR1, PAK2, RAB13 and TWF1) were sufficient for predicting the prognosis of patients with radiotherapy. One gene (PAK2) was derived from RSI and the other three genes (CBR1, RAB13 and TWF1) were derived from the 31-gene signature. Common radiosensitivity genes were used to obtain specific special biomarkers for predicting RS and RR groups in patients with oesophageal cancer. The biomarkers from clinical data may be more useful than those from experiments with cell lines in clinical practice.
The current study had several limitations. While the relevance of specific genes for the effective prognosis prediction of oesophageal cancer was demonstrated in the current study, a limited sample size was investigated. Future clinical validation using larger sample sizes is warranted. The present study did not attempt to predict the relapse free survival (RFS) rate, as information on RFS was incomplete. However, the integrated 41-gene signature is an optimal radiosensitivity candidate for predicting the overall survival of oesophageal cancer.
